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A. A. Yavnel'
Committee on Meteorites, Academy of Sciences, USSR, Moscow.

ABSTRACT

The content of lithophylic elements in stony and
stony-iron meteorites of various types has been
investigated.

The chondrites should be divided into three
branches -- enstatite, ordinary and carbonaceous,
with a varying content of both the total iron and its
forms, and the relative nickel content.

It is evident from the data presented that there
is a direct comnection between the groups within each
branch of chondrites. As regards the content of most
of the elements, ordinary chondrites lie between
enstatite and carbonaceous chondrites. No conclusion
can be drawn as to the process of transition from one
branch of chondrites to the other.

The peculiarities of the chemical composition
of the silicate phase of meteorites cannot be ex-
plained by a single process of fractionation as, for
example, the loss of volatile elements.

In meteoritic matter one may observe the fractionation of chemical /291%*%*
elements, caused by their distribution among the silicate, metallic, and
other phases, and also fractionation within a given phase. The latter
can be investigated by tracing the behavior of elements concentrated in
a given phase.

In this report the author discusses certain problems connected
with the chemical fractionation in the silicate phase of meteoritic
matter, on the basis of recent data on the content of lithophylic ele-
ments in stony and stony-iron meteorites.

* Report presented at the XX Congress of IUPAC (Moscow, July 15, 1965).

**Numbers in the margin indicate pagination in the original foreign
text.



In order to study the problem of chemical fractionation, one must
examine first of all the differences in the composition of meteorites of
various groups, and must then search for regular relationships among
these groups which would indicate possible processes of change in
their chemical content. In this connection the classification of
meteorites (separating them into groups on the basis of various charac-
teristics) and the systematization of these groups is of great importance.

As a result of recent investigations, the majority of authors at
present divides the class of stony meteorites into three subclasses:
chondrites, calcium-poor achondrites, and calcium-rich achondrites.

At the same time the class of stony-iron meteorites is divided essen-
tially into two subclasses: pallasites and mesosiderites. Within

these subclasses, a distinction may be drawn between groups, which differ
from one another primarily in the chemical and mineral composition.

We shall focus our attention on the most numerous form of stony
meteorites, i.e., on chondrites. In our opinion, which is shared by
some other authors, chondrites can be divided into eight groups:

(1) enstatite of Indarkh type, (2) enstatite of Hvittis type, (3) bronz-
ite, (4) hypersthenic, (5) amphoteric, (6) carbonaceous of Orgueil type,
(7) carbonaceous of Migey type, and (8) carbonaceous of Felix type. In
view of the absence of a single terminology for the designation of the
groups, the names used by the author are given here, although we do not
feel they are the most appropriate ones.

The next problem is the systematization of the chondrite groups.
Urey and Craig (Ref. 1), having chosen the total iron content as the
basic characteristic, divided chondrites into two fundamental branches:
those with high iron content (H), and those with low iron content (L).
The bronzite and enstatite chondrites were included in the H group,
whereas the hypersthenic and amphoteric ones were assigned to the L
group. Afterwards, Wiik (Ref. 2), and subsequently Ringwood (Ref. 3),
Mason (Ref. 4), and other authors also assigned carbonaceous chondrites
to the H group. Thus, having taken as a basis the uniformity of the
total iron content, many researchers have investigated the systematic
change in the chemical content in enstatite, bronzite, and carbona- /292
ceous chondrites, differing essentially in the degree of iron oxida-
tion. This difference, as is well known, is expressed in the ratio
between the various iron forms -- metallic iron, ferrous oxide, and
ferrous sulfide.

Recently, it was found by Keil and Fredriksson (Ref. 5) that the
content of ferrous oxide in the silicate minerals of bronzite and
hypersthene chondrites fluctuates within narrow limits in each of these
groups. Hence, these authors, and also Suess (Ref. 6) and Craig (Ref. 7)
concluded that the data on the different content of various iron forms
in each group of chondrites are mainly due to errors in chemical analysis.



In fact, the determination of various iron forms in chondrites
is not an easy task, not only because of the difficulties involved
in a complete extraction of iron from silicates, but also because of
the complexity of selecting for analysis a small representative
sample characterizing the inhomogeneous composition of a given meteorite.
Therefore, the most reliable determinations of the content of chondrites
could, in our opinion, be achieved in those experiments where refined
analytical techniques were used in conjunction with the utilization of
a larger sample and controlled research on the ccntent of minerals.

The number of such analytical researches can first include the
investigations by D'yakonova, Kharitonova (Ref. 8-12) and by Wiik
(Ref. 2, 13-24). From the earlier studies, we may single out the
analysis of chondrites performed by Prior (Ref. 25-30). We made use
of the results of 97 analyses of chondrites, performed by the indi-
cated authors, and also the data supplied by other investigators
(Ref. 31-33) concerning three enstatite chondrites.

These results can be represented graphically in a diagram, where
the combined content of metallic iron and ferrous sulfide versus the
content of ferrous oxide is plotted on the axes. This method of ex-
pressing composition, used by a number of authors, enables one to show
both the relative abundance of various forms of iron in chondrites and
its total content. A similar graph is shown in Figure 1.

In order to make it possible to compare the content of various
types of chondrites, the iron content was shown here not in percents
of the total sum by weight, but in the form of its ratio to the silicon
content (in atomic percents). The symbols for varous types of chondrites
are shown in the graph.

According to the data of Urey and other authors, the points in the
graph should lie on two lines making a 45° angle with the coordinate
axes. In the opinion of Keil and others, the points for bronzite,
hypersthene (and amphoteric?) chondrites should form segments of
vertical straight lines. In reality, however, the points most likely
form three branches making various angles with the coordinate axes.

The largest angle with the abscissa axis is made by enstatite chondrites
of both types. A smaller angle is made by so-called ordinary chondrites
consisting of bronzite, hypersthene, and amphoteric chondrites, and the
smallest angle is made by the carbonaceous chondrites of all three
types. Possibly, each branch in its lower part bends in the direction
of increasing content of ferrous oxide.

Thus, according to the available evidence chondrites should,
apparently, be divided not into two sequences (with the total content
of ferrous oxide being constant) or several separate groups (with the
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Figure 1

Relation Between Ferrous Oxide and Metallic Iron + Ferrous
Sulfide in Chondrites:

> -- Enstatite chondrites, A -- Ordinary chondrites,
A —- Carbonaceous chondrites, V ——- Renazzo chondrites.

constant content of ferrous oxide), but into three branches having a
variable content of both the total iron and its separate forms.

It is also very likely that the contradictions among these three
branches will be smoothed out after the scattering of points in each
group is decreased as a result of refining the analytical data. 1In
this case, points in each group will concentrate around the average
values, and consequently the statements affirming the constant content
of both the total iron and ferrous oxide within each group, and of its
variable content in different groups will turn out to be valid. /293



We may also attempt to study this problem by drawing upon addi-
tional data, for instance, the content of nickel in chondrites. Be-
havior of nickel, a siderophylic element, should clearly be analogous
to that of iron. Thus, for example, Anders (Ref. 34), assuming that
the total content of iron in chondrites of various groups is constant,
considers the nickel content also as constant.

In this case, in the graph showing the correlation between the
total iron content and the nickel content in chondrites, there should
be no correlation between the indicated quantities within the limits
of each group, since the fluctuations in content will be determined by
random causes.

On the other hand, if the assumption of constant content of
ferrous oxide in each group (with variable total iron content) is
valid, then a change in nickel content will be completely determined
by the change in metallic iron content. In this case,on the curve
showing the relation between the iron and nickel content, one should
observe jumps in the transition from one group to another.

One can see in the following graph (Figure 2), which is plotted
on the coordinates Ni/Si — Fe/Si from the data based on 100 analyses
of chondrites, and also supplemented by the results of Wiik for 5 /294
carbonaceous chondrites (Ref. 35), that the points linking the content
of nickel and iron in ordinary chondrites -- disregarding the scatter -—-
are essentially located along a straight line.

In enstatic chondrites (according to the data of 6 analyses), the
dependence of nickel content on iron content is considerably weaker.
As to the carbonaceous chondrites, nickel content in each of their
groups is almost comstant, i.e.,, it does not depend on iron content.
However, the points corresponding to average composition of each group
of carbonaceous chondrites show the largest dependence of nickel content
on iron content. The obtained results are confirmed by analogous data
of Anders (Ref. 34), and lead to the conclusion that the nickel content
in chondrites is also likely to indicate successive changes of composition
within each group (possibly, with the exception of carbonaceous chon-
drites).

On the whole, it is perfectly clear that the relative content of
nickel changes in different ways in enstatite, ordinary, and carbona-
ceous chondrites. Moreover, it is noteworthy that ordinary chondrites
occupy the intermediate position between the enstatite and carbonaceous
ones, both in the nature of the variation in the total iron content with
the degree of its oxidation, and in the nature of the variation of rela-
tive nickel content.
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Figure 2

Relation Between the Nickel and Iron Content in Chondrites.

For notations see Figure 1.

We shall now discuss the behavior of lithophylic elements in the
silicate phase of meteorites. During recent years a number of articles
have been published devoted to the determination of many elements in
meteorites. We have made use of the data contained in these articles
on the content of alkali, alkali-earth, rare-earth, and other litho-
phylic elements in meteorites of different types.

The content of the following 37 elements was studied: Li [36-39],%

Na [2, 13-24, 40-42], K [2, 8-24, 40-451, Rb [46-49], Cs [46, 48, 50],
Be [51], Mg, Ca [2, 8-30, 521, Sr [36, 47, 49, 53], Ba [54-56], Al,

si [2, 8-30, 52], Ti [2, 8-30, 52, 57, 581, V [57, 59], Cr [2, 8-30,

52, 57], Mn [2, 8-30, 52, 57, 58], Sc [36, 60-63], Y, La, Ce, Pr, Nd,

Sm [62-64], Eu [61-64], Gd, Tb, Dy, Ho, Er, Tu, Yb, Lu [62-64], Zr

(36, 65-67], Hf [ 65, 66], Ta [68, 69], Th [45, 70-72], U [55, 71-76].
To compare the content of the silicate phase of meteorites of various
types, the data were expressed in the form of the ratio of the number

of atoms of an element to the number of atoms of silicon (Si = 10%).

From all the types of meteorites we have chosen only those in
which the majority of the elements indicated above were determined,
namely: chondrites -- enstatite (of Indarkh type), bronzite, hyper- /295
sthene, amphoteric, carbonaceous (of Orgueil type), carbonaceous (of Migey
and Felix type); anchondrites, calcium-rich, -- eucrites, naclites;
achondrites, calcium-poor, —— obrites, diogenites; pallasites (of

* Numbers in brackets pertain to references.
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Figure 3

Atomic Abundance of Alkali, Alkali-Earth and Other Lithoghylic
Elements in the Silicate Phase of Meteorites (Si = 10°):

~ -Enstatite chondrites, A - Ordinary chondrites, # - Carbonaceous
chondrites; [J - Eucrites, [} - Naclites; wm - Obrites,
& - Diogenites; O - Pallasites, ® — Mesosiderites.

Pallasitic iron type), mesosiderites (except Bencubbin).

Atomic abundance of the elements, separated into groups,is shown in
the graphs (Figures 3, 4) in a logarithmic scale.

The first fact which attracts our attention when we study the graphs
is the exceptional homogeneity of the content of ordinary chondrites,
which once again emphasizes their close proximity. With respect to the
content of the majority of elements, they lie between enstatite and
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Figure 4

Atomic Abundance of Scandium, Itrium, Lanthanides and
Actinides in the Silicate Phase of Meteorites (Si = 10°)

For notations see Figure 3.

carbonaceous chondrites., Carbonaceous chondrites, differing from the
ordinary ones in the content of all the indicated elements, differ

as far as the content of various groups is concerned. This refers
mainly to alkali metals, whose concentration successively changes in
progressing from chondrites of the Orgueil type to chondrites of Migey
and Felix types. Enstatite chondrites differ from ordinary and car-
bonaceous ones, but chondrites of Hvittis type could not be compared
with chondrites of Indarkh type, because of the lack of data on the
content of the majority of elements.

From the data presented on the content of chondrites, one can see
a direct connection between the groups within each branch, in particu- /296
lar in carbonaceous and ordinary chondrites.

At the present time, however, one cannot draw any conclusion about
the processes of transition from one branch of chondrites to another.
Specifically, a change in the composition of carbonaceous chondrites
does not lead to the composition of ordinary chondrites, as is some-
times thought.



Possibly, it is more plausible to assume that all the three types
of chondrites —— enstatite, ordinary, and carbonaceous -~ had a common
origin.

Calcium-rich achondrites —-— eucrites and naclites -- differ from
chondrites not only in the content of the basic components of the
silicate phase —- calcium, aluminum and magnesium -- but also in the
concentration of alkali and alkali-earth elements, and in an increased
content of rare-earth elements.

Calcium-poor achondrites -- obrites and diogenites -~ are in their
content closer to chondrites, but when compared with the latter, a
decreased content of all lithophylic elements is found.

The silicate phase of pallasites is distinguished by a high rela-
tive content of magnesium, and a decreased (as compared with chondrites)
content of the other lithophylic elements.

The composition of the silicate phase of mesosiderites is closest
to the composition of carbonaceous chondrites.

The general conclusion which may be drawn from the examination of
the data presented is that the peculiarities in the chemical composition
of the silicate phase of meteorites cannot be explained by any single
process of fractionation -- as, for example, the loss of volatile ele-
ments. As follows from factual material, one cannot find any direct
transition between carbonaceous, ordinary, and enstatite chondrites.

One may assume that the differentiation of meteoritic matter has
passed through several stages: First its division into the principal
groups of chondrites, and then (owing to the fractionation of the compo-
sition of these groups) leading to the final formation of other types
of meteorites -—- achondrites, stony-iron, and iron meteorites.
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